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D E S O R F "  CF BARIUM OXIDE MOLECULES FROM TUNGSTEN 
I N  A STRONG ELECTRIC FIELD 

A. G .Naumovet s t 

' 

The f i e l d  desorption of BaO m l e c u l e s  from tungsten was 

studied over a temperature range of 80 - 12OCfK by means 

of M';ller?s f i e l d  emission microscope. &llerfs  experi- 

ments f o r  Ba on W were also repeated over t h e  same tempera- 

t u r e  range f o r  comparison. 

root  of t h e  f i e l d  s t rength upon t h e  temperature a t  low 

coverages is presented i n  Fig.4. 

za t ion  over t he  Schottky bar r ie r ,  when applied t o  the  case 

of BaO and Ba on W, predicts t h e  following: 

desorption of BaO m u s t  occur as BaO+ within t h e  80 - 4W°K 

range and as BO++ within t h e  500 - 1 l O o " K  range. 

must be field-desorbed f r o m  W i n  t h e  form of singly-charged 

ions over t he  80 - 300°K and lo00 - 1 2 d K  regions, and as 

The dependence of t he  square 

The theory of ion  vapori- 

1) The f i e l d  

2) Barium 

*A 

1 I 1 .  

, 

I 

1 

The -0-W system with i ts  good emissive propert ies  i s  of major importance1 
I 

~ 

i ' to cathode electronics  and hence has been the  object  of numerous s tudies .  It 

' m y  also be of i n t e r e s t  t o  invest igate  t h e  desorption of B O  m l e c u l e s  f r o m  W I 

I under t h e  ac t ion  of a strong e l e c t r i c  f i e l d  (self-desorption), s ince a s e r i e s  of 

s tud ie s  has shown t h e  great value of t h i s  method i n  t h e  c l a r i f i c a t i o n  of prob- ' 

* N u m b e r s  i n  t h e  margin ind ica te  pagination in the  o r i g i n a l  fore ign  text,. I 
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lems of the  in te rac t ion  between adsorbed p r t i c l e s  and the  adsorbent as w e l l  as 

.between t h e  pa r t i c l e s  themselves (Bib1.1, 2). 

It may a l s o  be expected that s tudies  of t he  BaO-W system w i l l  contribute 

t o  the  refinement and expansion of the  current knowledge of self-desorpt ion,  

s ince the  self-desorption of polar mlecules ,  which include BaO (Bibl.3), has 

never been thoroughly investigated.  

type on W have only establ ished t h a t  the f i e l d  desorbs the  K and C 1  ions s e w -  

r a t e l y  (Bibl.4). 

Previous s tud ie s  of compounds of t h e  KC1 

For these reasons, we found it of i n t e r e s t  to inves t iga te  t h e  s e l f - d e s o r p  

t i o n  of BaO f r o m  W. 

2 Experimental F'rocedure 

The self-desorption of molecules of BaO from W w a s  investigated with the  

a i d  of t h e  M h l e r  point f i e l d  emission microscope. 

tubes was accomplished by sput te r ing  ge t t e r s  (molybdenum, t i tanium, o r  tanta- 

lum);  t h e  cylinders containing the  ge t te rs  could be immersed i n  l i qu id  nitroger 

The barium g e t t e r  was a l so  sputtered. 

The f inal  evacuation of t h e  

I 

Field-emission images and t h e  edge flow 

f r o m  t h e  tungsten point did not change markedly over tens  of hours, t he  t o t a l  

pressure of the  res idua l  gases, measured by a Bayard-Alpert gage, being approx- 

imately 3 x lo-' mm Hg. The purity 

of these sources was previously checked with a mass spectrometer by B.O.Chuyko1 

We placed B O  and Ba sources i n  the  tubes. 

The vaporizers were thoroughly degassed. 

sideways on a tungsten point a t  room temperature. 

heated t o  1000 - 1100'K so t h a t  i t s  en t i r e  upper surface was covered by a film 

of E?aO o r  Ea. 

Sputtered BaO and Ba were poured 

After t h i s ,  the  point was 

The concentration h of par t ic les  on the  surface of the  point was estimated 
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'on t h e  bas i s  of the known re la t ions  aCp = @(n) (Bibl.5), where 4 is the  vari- 

a t i o n  i n  the  work function of  t he  adsorbent. The work funct ion was calculated 

according t o  the slope of t h e  Fauler-Nordheim l ines .  
i 

As i s  known (Bibl. l) ,  t h e  conditions f o r  self-desorpt ion of e lec t ropos i t iv  

0 

, 

1 

par t i c l e s  are more favorable the  lower the  degree of deposi t ion 0. 

t h e  s t r ipp ing  of t he  adsorbed f i lm increases abrupt ly  i n  t h e  presence of a L 
gradual increase i n  t h e  e l e c t r i c  f i e l d ,  which gives reason t o  believe that ( for  

Therefore, 
I t '  I 

I 

a f ixed  observation time) the  desorbing f i e l d  f o r  a given T and 6 l  f o r  a given 

face  {hk&] : F d i b k l }  = f(9,  T). 

i t he  pr incipal  quantity measured. 

I 

In these invest igat ions t h e  desorbing f i e l d  was 

We measured t h e  desorbing f i e l d  by a l t e rna te ly  switching the  field-emissio 

microscope t o  the  self-desorpt ion (ttplus*t on the  tungsten point)  and f i e ld -  
) '  I 
3 emission regimes (Bib1.1, 6).  The self-desorption stress gradually increased 

u n t i l  t h e  field-emission image revealed s t r ipp ing  of the  f i lm.  

method is  less productive than the  impulse method (Bibl.7), it is  much more 

advantageous i n  the  high-temperature region, where t h e  migration of adatoms 

over t h e  point and the  thermoelectron emission are considerable. 

Although t h i s  

To determine the  radius of t he  tungsten point and t h e  s t rength  of the  e l ec  

t r i c  f i e l d  near t he  surface of t he  p i n t ,  t h e  Drexler and Henkel approximation 

(Bibl.8) w a s  used. The error i n  determining t h e  f i e l d  by t h i s  method i s  esti-  

hated a t  10 - 15% (Bibl.6, 8), whereas t h e  r e l a t ive  e r r o r  i n  measurements of 

,. 
, 

f 

, 

' the desorption stress i n  our investigations was of the  order  of several  percent 

It should a l so  be emphasized that the atomic s t ruc ture  of t he  surface was not 

taken i n t o  account i n  calculat ing the f i e l d .  
I 

- 
I 

3 Experimental Results 

Figure 1 shows the field-emission images of t he  pure s ingle  c rys ta l  of W 

3 
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-. 

(F ig - l a ) ,  a BaO l ayer  on W (Fig.lb, lllp = 0.3 ev), a Ba layer on W (Fig.lc, llcp = 

= 0.4 ev), and a layer  of oxygen on W [Fig.ld, photograph taken f r o m  (Bibl.9)J. 

Noteworthy is the  var ia t ion,  i n  t h e  field-emission images, of B O  and Ba films 

on W i n  the  presence of approximately iden t i ca l  Acp (Fig.lb and c) ;  i n  the  first 

,case, l a rge  dark areas surround t h e  faces  (001) and (111) , while i n  t h e  second 

'case t h e  faces  {111) are l igh t .  

I 

1 ,  

1 ,  

1 : There are, however, ce r t a in  common fea tures  i r  

the  images of t he  adsorption of BaO and 0 layers  on W (Fig- lb  and d) :  t h e  dark 

areas i n  Fig.lb (001) and (111) are l i g h t  i n  Fig- ld ,  whereas t h e  areas along 

' the  zones E1113 which are br ightes t  i n  Fig.lb are darkest  i n  Fig.ld. 

a way, t he  micrograph Id i s  a negative of t h e  micrograph lb. 

suggests that t h e  s e l e c t i v i t y  of adsorption of B O  on W my be primarily deter-  

mined by the  binding energy between t h e  oxygen portion of t h e  molecule and a 

given surface of W ( a t  any rate, i n  the presence of low degrees of deposit ion).  

It is of fundamental significance i n  t h i s  invest igat ion t o  f ind  an answer 

, t o  t h e  question whether self-desorption is  accompanied by a degradation of t h e  

BaO molecule [as i n  the  case of K C 1  on W (Bibl.4)] o r  whether it is s t r ipped 

Figure 2 presents two microphotographs of a point, ob- 

' 

' Hence, i r  

T h i s  analysis 

- '  

' '  

2 1  , 
' 

- 1  

- 
I 

/ I  

I 

' ,off i n  i t s  ent i re ty .  
> I  

'. 

'- 

" 

ta ined after self-desorpt ion of a €?a0 film a t  T = 3 d K  (Fig.2a) and after 

thermal desorption of such a layer  by heating it f o r  5 sec a t  1 8 d K  (Fig.2b; 

' i n  both cases, the  i n i t i a l  Acp * 1 ev). 
! 
200 mv/cm (mean of t h e  desorption f i e l d s  f o r  barium and oxygen). 

1 

,nearly pure W; t h e  changes i n  the  shape of the  face (011) are minor, a f a c t  

s t i l l  d i f f i cu l t  t o  explain. 

o r  that i t s  surface becomes etched t o  some extent.  

c l ea r ly  shows t r aces  of t he  contamination of the point by oxygen (Bibl.9). 

The desorption f i e l d  was approximately 
( I  

I 

After self-desorption, the  field-emission image (Fig.&) corresponds t o  
I 

j ' 
It may be t h a t  the  point does not remain qui te  pure 

I 
I 

l 
A t  t h e  same time, Fig.2b 

A t  

4 



' 1 8 0 0 ° K ,  according t o  Ptushinskiy and Chuykov (Bibl.lO), t h e  probabi l i ty  of a 
I 

,thermal dissociat ion of BaO on W is several  percent. Figure 2b indicates  t h a t  
. 

Fig. 1 
a - Field-emission image o f  pure W s ing le  c rys ta l ;  
b - BaO on W (Acp - 0.3 ev); c - Ba on W (Acp - 0.L ev); 

d - Oxygen-coated tungsten point (Bibl.9) 
I 

Ithe d issoc ia t ion  of even such a small portion of t h e  BaO molecules that SUC- /6 
ceeded i n  nsurvivingn on t h e  tungsten surface a t  --180O0K already leads t o  char- 

I 

a c t e r i s t i c  changes i n  the  image [compare also t h e  case of SrO on W (Bibl. l l)] .  

Fhese f a c t s  ind ica te  that t h e  probabili ty of a d issoc ia t ion  of BaO during i t s  

' se l f -desorpt ion from W i s  i n  any case 2 lo-' , with t h e  greater  portion of t h e  

,BaO molecules f a i l i n g  t o  d issoc ia te  whi le  they are s t r ipped off by the  f i e l d .  

In  t h i s  mnner ,  t h e  BaO-W system d i f f e r s  from the  KC1-W system (Bibl.4). 

t h a t  t h e  probabi l i ty  of thermal dissociat ion of compounds of the K C 1  type is 

I 

1 

I 

Note 

, 

'great  even a t  comparatively low temperatures, a f a c t  o f ten  u t i l i zed  i n  s tud ies  

5 



:of surface ionizat ion.  

e n t i t i e s  t o  as high a temperature as T 

Molecules of  BaO, on t h e  o ther  hand, are desorbed as 

1700'K (Bibl.10). Hence, t he re  exists 

I Fig. 2 
I a - Imago" of point a f t e r  self-desorption of BaO l aye r  a t  
I T = 300 K by a f i e l d  of -200 mv/cm; b - I m g e  of point 
I 

after thermal desorption of BaO (1&K, 5 sec) .  I n  both 
cases, i n i t i a l  Arp = 1 ev. 

1 
l 
a d e f i n i t e  analogy between the  dissociat ion of nrolecules during self-desorption 

and t h e m 1  desorption. 

I Fig.3 Self-Desorption of BaO from W - 1  , 
, 

a - Fd = 100 mv/cm; b - Fd = 110 mv/cm; c - Fd = 125 mv/cm 
I , 

Figure 3 i l l u s t r a t e s  t h e  development of self-desorpt ion of BaO from a /68 
I 

tungsten point during a gradual increase i n  stress (T = 308K, Arp = 02 ev). 

f i e l d  of t he  order of 90 mv/cm does not change t h e  image. 

A 

A f i e l d  of appmxi- 

6 



'hately 100 mv/cm s t r i p s  off the  BaO film i n  the  neighborhood of t he  (011) face  

'(Fig.3a). A t  f i e l d s  of the  order of 110 - 115 mv/cm, t h e  dark areas expand i n  

the  d i r ec t ion  of the  {111) zones (Fig.3b). I n  t h e  presence of f i e l d s  of a p  

'proximately 120 mv/cm, the  Ea0 f i l m  i s  maintained only around the  f121) zones 

j(Fig.3~).  The self-desorption of t h e  BaO adsorbed film ("adfilm") on t h e  enti1 

upper surface of t he  point decays i n  t h e  presence of f i e l d s  of -130 mv/cm 

'(taking in to  account t he  f i e l d  decrease at  a dis tance f r o m  the  axis of the 

point)  . 

Fig.4 Desorbing Field i n  the Neighborhood of t he  Face (Oll), 
as a Function of the  Temperature, a t  0 = 0.1, t = 5 sec  

, o - E a O o n W ;  x - B a o n W  
4 

' 

f ace  ( O l l ) ,  as a function of t h e  temperature a t  Atp * 0.2 - 0.3 ev. 

Figure 4 shows the  desorption f i e l d  f o r  BaO on W i n  the  v i c i n i t y  of the  

I n  a l l  
I 

~cases, t h e  desorption time was 5 sec ,  

With t h e  object  of comparing the  BaO-W system with the  Ba-W system, we 

also partly reproduced Gllerfs experiments with Ba on W (Bibl.6, 12), measurin 

t h e  dependence of fi + f (T)  over the range of 80 - 1208K. 
marked by crosses i n  Fig.4. 

N-dler fs  invest igat ions pertained, our findings are i n  good agreement with h is  

da t a  (Bibl.6, 12) . 

These data  are , 

I n  t h e  temperature range of 300 - 120$K, t o  which 

7 
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I 

I I  It is  noteworthy that, a t  T 2 5o$K, the  curves f o r  l3aO and Ba are much 

more closely spaced. However, t he  pattern of self-desorpt ion i n  these two casc 

' , d i f f e r s  markedly. 
< - 

Studies of t h e  r e l a t ion  of t h e  desorbing f i e l d  with t h e  degree of deposi- 
\ 

' 

' i  1 
1 1  

' 

I '  

l t ion 0 f o r  BaO on W showed that t h e  increase i n  Fd with increasing 0 is much 

'slower i n  t h i s  case than i n  t h e  case of Ba on W. 

BaO f i l m  which reduces t h e  work function of tungsten t o  2.3 ev [a value close 

t o  sa tura t ion  (Bibl.S)] i s  s t r ipped off i n  the  neighborhood of t he  (011) zone 
I 

L Thus, a t  T = 300°K, t h e  
I 

Fig- 5 
a - Image of mixed layer  (Ea0 + Ba) on W; b - Fd = 82 mv/cm, 

desorption of Ba atoms from mixed layer ,  T = 300'K; 
c - Pattern of self-desorption of pure Ba, Fd = 78 mv/cm 

by a f i e l d  approximately 18 mv/cm stronger than i n  the  presence of low degrees 

bf deposi t ion (&p = 0.2 ev, Fd = 96 m/cm). 

'is approximately 20%, whereas, accoAing t o  another pper (Bibl.6), it reaches 

BO - loo$ f o r  barium on tungsten. 

, 

I 

I 

I 
Thus, t h e  f i e l d  increase f o r  J3aO 

I 

' 

I 

We a l so  observed self-desorption f r o m  tungsten f o r  mixed layers  (BaO + Ba) 

BaO was sputtered f r o m  one s ide  on the tungsten point, and barium f r o m  t h e  othe 

s ide .  
I 

The doses of these substances were such that each of them reduced t h e  
, 
work funct ion by 0.3 - 0.4 ev. The field-emission pat tern obtained after heat-: 

8 



:ing the  point is shown i n  Fig.%. The f u r t h e r  procedure was conventional. It 

.was found t h a t ,  a t  T = 3oo"K and i n  the presence of roughly t h e  same f i e l d s  as 

.those a t  which pure Ba films are desorbed from W, barium is desorbed f r o m  t he  

imixed layers  (Fig.%). This causes the appearance of dark spots  on the  image 

. i n  t h e  same areas i n  which they are observed during t h e  desorption of pure Ba 

:(Fig.Sc). Subsequently, after t h e  f i e ld  is  increased by 1 5  - 20%, t h e  BaO filn 

'a lso is str ipped off (cf .  Fig.3). Hence, adsorbed particles of BaO and Ba on k 

i n  first approximation, behave independently w i t h  respect t o  self-desorption. 

$A similar independence of t h e  influence of B a O  and E!a i n  t h e i r  mixed layers on 

t h e  work function of W was established elsewhere (Bibl.13). 

.4. Discussion of Results 

I 
i Mcller and &mer (Bib1.1, 2, a) t r ea t ed  t h e  self-desorption of e lectro-  

I ,pos i t ive  elements (Ba and Th) from W as t h e  vaporization of t h e  ions present or 

t h e  metal surface,  across  t h e  potent ia l  barrier reduced by t h e  Schottky e f f ec t .  

1 Considering the  similarity between t h e  self-desorpt ion (Fig.4) and adsorp- 

t i o n  (Bibl.5) charac te r i s t ics  of BaO and B on W, and a l s o  considering tha t  a 

Ea0 molecule is  adsorbed and desorbed as a whole (Bibl.lS), we w i l l  attempt t o  

'apply t h i s  theory t o  t h e  case described here. It must be emphasized, however, 

' t h a t  both t h e  app l i cab i l i t y  of t h i s  theory t o  the  BO-W system and i ts  conclu- 

jsions s t i l l  require thorough ver i f icat ion.  
I The expression f o r  t h e  desorbing f i e l d  i n  the case of e lectroposi t ive at01 
I 

(Bibl.1, 2,. l.4) is  as follows: 

5 

where Fd is t h e  f i e l d ,  i n  v / i ;  Qio i s  t h e  hea t  of evaporation of an ion  i n  a 

9 



' zero f i e l d  ( i n  ev); n is  the  mul t ip l i c i ty  of ion  charge; T is t h e  temperature 

i n  degrees Kelvin; t is  t h e  desorption time; v is t h e  frequency f a c t o r ;  % i s  

i the  d i s tance  between t h e  equilibrium state of t h e  ion  and t h e  surface ( i n  A ) .  
I 

Since t h e  term nFq, is small, t he  function z= f ( T )  must run a s t r a igh t -  

< l i n e  course with a slope of -lo&otv/l9000 n* and with '' as t h e  p i n t  

of i n t e r sec t ion  of t h e  ordinate. 
3 .8n3b 

As can be seen from Fig.4, t h e  curves f o r  BaC 

and Ba on W a c t u a l l y  form a s e r i e s  of r e c t i l i n e a r  segments (two f o r  BaO and 

t h r e e  f o r  a). 
On t h e  basis of t h e  determination of Qlo and v ,  &mer (Bib1.a) made t h e  

= f (T) f o r  
I 

'assumption that t h e  medium-temperature segment of t h e  curve of 

IBa corresponds t o  t h e  desorption of doubly charged ions ,  and t h e  high-tempera- 

. t u re  segment, t o  t h e  desorption of s ingly charged ions. 
I 

Since t h e  prolongatior 

'of t h e  investigated portion of t he  curve f o r  Ba (T = 80 - 3W"K) i n t e r s e c t s  the 

!ordinate  a t  roughly t h e  same p i n t  as t h e  prolongation o f  t h e  high-temperature 

lportion (Fig.,!+) , t h e  theory leads t o  the  conclusion t h a t ,  a t  low as w e l l  as a t  

;high temperatures, l3a i s  desorbed i n  t h e  form of s ing ly  charged ions. 
I 

From the 

,s lope of t h e  low-temperature segment of t h e  curve f o r  Ba, w e  obtain v = 4 x 
I 

I X  lo1' sec". The curve f o r  BaO, as noted previously, g rea t ly  resembles t h e  

\cumre f o r  Pa. Assuming n = 1, we obtain Q o  = 5.0 ev, v = ld9 sec-' f o r  t he  
I 

;low-temperature segment of t h e  curve of BaO on W. Let us recall  that, i n  ac- 

jcordance with t h e  theory of absolute  r e w t i o n  v e l o c i t i e s  (Bibl.l6), we have 
AS 
k iv = ne  e 
- " , where n is  t h e  transmission coe f f i c i en t ,  AS is t h e  ac t iva-  ,h 

I i t ion entropy f o r  t r a n s i t i o n  t o  t h e  active-complex state. Therefore, v may 

' s t rongly  d i f f e r  from - KT - 10'" - 1013 sec-l. 
h 

I 
For s ingly  charged ions, Qo = Q1 + Vl - 'p, where Q. i s  t h e  heat of e v a p  

r a t i o n  of neu t r a l  atoms, Vi i s  t h e  ionizat ion potent ia l .  Taking Q. = 5.1 ev 

10 



(Bibl.5),  cpoll = 5.0 ev, we w i l l  obtain f r o m  Q0 f: 5.0 ev a value of Vi 5= 

I 
~ Assuming n = 1 also  f o r  the  segment T 2 4 d K ,  we have Qio 3 3.5 ev; hence/, 

> Assuming n = 2, we have 
, I  

Q;' =r 10 ev, 

These quan t i t i e s  appear mre 

i n  accordance with t h e  ionizat ion potent ia l ,  we obtain a lower  value (-3.4 ev).; 
I 

, 
I 

reasonable . 
Thus, an appl icat ion of 

t h a t  BaO molecules should be 

the  theory of i on  vaporization t o  B O  on W suggestb 

desorbed by t h e  f i e l d  from tungsten i n  t h e  form o f !  

s ing ly  charged ions a t  T 2 4W°K and i n  t h e  form of doubly charged ions a t  T f I 

= 500 - 1 1 O ' K .  
I 

- 1  On t h e  basis of the  Fd(0) function, described i n  Section 3, it is possible;  
I 

1 t o  roughly estimate t h e  e f fec t ive  dipole mment CL per mlecu le ,  which is de- 

termined by t h e  equation C q  = &r@. 
l 

According t o  Mihler (Bibl.1, 6 ) ,  we then 1 

x Id" cm-a [cp  - 2.3 ev (Bibl.5)] and obtained P = 4.7 D which, i n  view of the 

roughness of t h e  estimate, i s  i n  excellent agreement with c1 = 5.2 D obtained 

elsewhere (Bibl.5, 13) from t h e  function Acp(n). 

, 

It seems that a d i r ec t  ver i f ica t ion  of these  fairly unusual t heo re t i ca l  
, 

inferences would 
, I  

I 

15. Conclusions 
I 

The r e s u l t s  
I 

be of great in t e re s t .  

of t h i s  investigation reduce to t h e  following: 

Lir. , 

1) No d issoc ia t ion  of BaO molecules was observed during t h e i r  s e l f -deso rp  

t i o n  f r o m  tungsten. 

2) The temperature dependence o f  t h e  desorbing f i e l d  f o r  BaO on W was 
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. 

measured over t he  range of 80 - 12MK. 
3) A similar dependence was measured f o r  t he  first time f o r  Ea on W over  

t he  range of 80 - 300" K. 

4) The findings were discussed on t h e  basis of the  MGller-Comer theory of 

t he  vaporization of ions across t h e  Schottky barrier. 

5) It was established that, i n  the presence of low degrees of deposit ion,  

t h e  components of mixed layers  (Ba + bo) on tungsten are individual ly  stripped 

off  . j 
I 

The author takes  pleasure i n  expressing h i s  deep appreciation t o  Corre- 
I 

sponding Member of t h e  Academy of Sciences Ukrainian SSR, N.D.Morgulis, f o r  h i s l  

i n t e r e s t  and valuable advice. The author a l s o  is  indebted t o  V . M . G a v r i 1 p . k  and' 
I 

Yu.G.Rushinskiy f o r  prof i table  discussion and t o  O.V.Drin9 f o r  ass i s tance  i n  

the  measurements. 
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